A multi-chamber silencer is designed by a computational approach to suppress the turbocharger whoosh noise downstream of a compressor in an engine intake system. Due to the significant levels and the broadband nature of the source spanning over 1.5 -3.5 kHz, three Helmholtz resonators are implemented in series. Each resonator consists of a chamber and a number of slots, which can be modeled as a cavity and neck, respectively. Their target resonance frequencies are tuned using Boundary Element Method to achieve an effective noise reduction over the entire frequency range of interest. The predicted transmission loss of the silencer is then compared with the experimental results from a prototype in an impedance tube setup. In view of the presence of rapid grazing flow, these silencers may be susceptible to whistle-noise generation. Hence, the prototype is also examined on a flow bench at varying flow rates to assess such flow-acoustic coupling. The resulting configuration has provided a satisfactory control of the whoosh noise.
INTRODUCTION
Turbochargers have been extensively used in diesel (as well as more recently gasoline-direct-injection) engines to improve their performance. However, due to their operation at high speeds, turbochargers are susceptible to noise generation such as whine (narrow band) and whoosh (broadband). While unbalanced blades contribute to the former, the latter is due to turbulence. Such noise can be radiated from the structure, especially from the duct segment between the compressor and intercooler. The characteristics of turbocharger noise have been addressed by, for example, Trochon [1] and Evans and Ward [2] . Evans and Ward [2] showed that the compressor outlet was a major contributor to the overall intake system noise and experimentally demonstrated the effectiveness of a thicker wall and a resonator to reduce turbocharger noise. Stoffels and Schroeer [3] also showed that a silencer could reduce both whine and broadband noise. Trochon [1] developed a combination of HerschelQuincke tube (HQT) and quarter-wave resonators to reduce the broadband flow noise. Graefenstein and Wenzel [4] also used the HQT in the shape of a spiral for the suppression of turbocharger noise. The HQT may be effective in reducing broadband flow noise at high frequencies (1.5-3.5 kHz) [1, 4] . However, it requires a relatively large space and the associated resonance frequencies are very sensitive to the variation of lengths. For example, Graefenstein and Wenzel [4] observed that small variations in acoustical path lengths could change the acoustic behavior considerably.
Compared to the HQT, Helmholtz resonators (HRs) may require relatively smaller space for a comparable broadband noise reduction. HRs have been used extensively due to their effective attenuation characteristics, though confined to the vicinity of the resonance frequency [5] . To address the relatively broadband noise of whoosh, therefore, a multi-chamber HR, as shown in Fig. 1 , has been considered in this study. The resonance frequencies of each resonator are carefully tuned to achieve significant levels of noise reduction over the frequency range of interest.
One-dimensional approach has been used by Trochon [1] , and Graefenstein and Wenzel [4] for the predictions of Herschel-Quincke type resonators with the assumption of small diameters for both the main duct and side branch. However, for the HR, a multidimensional analysis may be required for the prediction of its acoustic behavior because the cavity dimensions may be large enough for propagation of the higher modes possibly coupled with a complex geometry. Three-dimensional numerical approaches, such as Finite Element Method and Boundary Element Method (BEM), may be suitable to predict the acoustic behavior of a HR at high frequencies. The BEM approach is used in the present study in combination with the measured acoustic impedance of rectangular slots to predict the transmission loss. Guided by these predictions, two prototypes are fabricated for the experimental validation. The predictions are then compared to the transmission loss measured on an impedance tube setup.
Since the silencer is in direct contact with high speed flow, it is susceptible to whistle noise generation. The mechanism of whistle noise is well explained by, for example, Radavich and Selamet [6] . Such narrow-band noise is so distinguishable that it may be audible outside the silencer. Thus, the final prototype is examined also in a flow bench at different flow rates to determine if it generates whistles. Following this introduction, Section 2 describes the prototypes and Section 3 introduces the BEM briefly as applied to the current silencer, and compares the predicted and measured results. The study is concluded in Section 4. Figure 1 shows the schematic of the three-chamber HR developed in this study. Each chamber incorporates four slots which are oriented primarily parallel to the main duct axis, 90° apart around the perimeter, and 0.09 cm in wall thickness. Each of these chambers acts as a cavity and the corresponding slots can be modeled as the neck of the resonator. Dimensions, including the overall length of the silencer (5.52 cm), and the inner (4.9 cm) and outer diameters (7.3 cm) of the chambers, are dictated by the space constraints in the vehicle. The chambers are fixed but slot dimensions are varied to tune the resonance frequencies as shown in the Table 1 . The thickness of walls (baffles) separating the chambers is 0.163 cm. The minimum target transmission loss is 15 dB in the frequency range of 1800 -2800 Hz, in the absence of mean flow at room temperature. 
PROTOTYPES

NUMERICAL AND EXPERIMENTAL RESULTS
BOUNDARY ELEMENT METHOD
The boundary element method is a useful tool to predict the acoustic performance of silencers with complex geometry and/or in the presence of multi-dimensional wave propagation. A brief description of the BEM approach as applied to the current configuration follows next, while leaving the details to earlier publications, for example, by Ji et al. (1994) [7] and [8]. Six domains in the BEM model developed for the present silencer are illustrated in Fig. 2 . Domain 1 is connected to Domain 3 by pressure equality at the interface, and to Domain 2 by acoustic impedance which involves pressure difference between Domains 1 and 2 through the slots. The other domains are similarly connected. The wave propagation in each domain is governed by the Helmholtz equation:
where j p is the acoustic pressure in domain j and k the wave number. By solving Eq. (1) numerically and imposing zero velocity for the rigid surfaces, the acoustic impedance matrix j T ⎡ ⎤ ⎣ ⎦ for domain j may be determined
where u is the particle velocity and superscripts , , i o and s designate inlet, outlet, and slots. The relationship between the acoustic pressure and velocity at the inlet and outlet of the whole resonator can be expressed as 
T T T
⎛ ⎞ = + + + ⎜ ⎟ ⎝ ⎠ .(4)
TRANSMISSION LOSS: PREDICTIONS VS. EXPERIMENTS
The resonance frequency of a simple HR can be estimated by a lumped or one-dimensional analysis under the assumption of small dimensions relative to the wavelength. The geometry considered in this study is, however, rather complex with, for example, four slots in each cavity combined with the frequencies of interest in the 1.5-3.5 kHz range. As a result, it becomes essential to use three-dimensional approaches (BEM in the present study) to predict the transmission loss of the resonator. An impedance tube setup with two microphone technique is employed to measure the acoustic impedance of rectangular slots for each chamber. These values are then implemented into the BEM code to predict the transmission loss of the silencer in the absence of mean flow. The impedance tube setup is also used to measure the TL of the silencer for comparison. Refer, for example, to Lee et al. [9] for further details on the measurements.
The complex acoustic impedance of a hole can be expressed by
where h R and h X are the resistance and reactance of the hole, respectively, and i the imaginary unit. In the present study, the corresponding h Figure 4 shows, for the first prototype, that the predictions follow the overall trends of the experiment well, although the predicted resonance frequencies are slightly shifted relative to the measurements. Potential small differences in the machined openings between the actual slots on curved surfaces and the ones on flat circular plates combined with the approximations involved in the acoustic impedance curve fits may be the primary contributing factors to these observed shifts. Despite the small discrepancies, however, BEM predictions remain reasonably accurate and representative. The measurement of transmission loss of the prototype 1 identified the important effect of leakage at the baffles (between the cavities) as shown in Fig. 5 . By sealing baffle 1 (see Fig. 1 ), the first peak moved from 2100 Hz to 1700 Hz, and then sealing baffle 2 shifts the second peak from about 2300 Hz to 2030 Hz. This figure clearly shows that leakage at the baffles significantly increases the resonance frequencies. Thus baffles should be properly sealed in the manufacturing process if the intended design frequencies are to be retained. Although the measured transmission loss of the prototype 1 satisfies the minimum target of 15 dB in the frequency range of interest, an additional configuration is designed and fabricated to enhance the transmission loss specifically near 1800 Hz. This is accomplished by modifying the slot dimensions, leading to the prototype 2 in Table 1 . Figure 6 shows the comparison of measured TL for both prototypes. Relative to the first prototype, the first peak of prototype 2 is now shifted toward 1800 Hz, thereby increasing TL near this frequency. As illustrated here, the desirable overall TL can be achieved by tuning the resonance frequency of individual resonators. 
FLOW NOISE: EXPERIMENTS
The necks in the proposed silencer are subject to grazing flow at high speeds, which makes it susceptible to whistle noise generation due to flow-acoustic coupling [6] . The prototype 2 has therefore been tested in a flow bench to assess this aspect by measuring the sound pressure levels downstream of the silencer inside the duct. Both forward and reverse directions (see Fig. 1 Figure 7 shows that the experimental results of flow noise for Ma = 0.1. Since the peak around 500 Hz exists for the straight pipe, it is attributed to the bench setup itself. Compared to the straight pipe, the resonator generates about 10 dB higher noise at 1.4 kHz and 2 kHz. There is no distinct difference between the two directions. The experimental results with Ma = 0.15 are also shown in Fig. 8 . The silencer generates pure tone noise at 2 and 2.8 kHz. The peak at 2 kHz is particularly wide and strong. Unlike Ma = 0.1, the difference is now observable between the two directions, with the forward orientation exhibiting a lower level. Thus, the directivity may also need to be considered in the design of such silencers. Further studies are required to identify the specific conditions, including flow speed and slot shape, for flow noise generation.
RADIATION NOISE: EXPERIMENTS
The transmission losses of silencers in Figs. 4-6 are measured at room temperature and pressure without mean flow. In contrast, the turbocharger resonator in an engine induction system operates under higher pressures and temperatures, and is subject to significant levels of flow. Higher temperatures can shift the resonances to higher frequencies, whereas the grazing flow at high speeds may reduce the transmission loss. Thus, it is important to quantify the level of correlation between the transmission loss under the foregoing conditions and the reduction of radiated noise under the typical operating conditions of an engine. Hence, as a final evaluation, the silencer is attached to the induction system downstream of the turbocharger on a test rig which duplicates the operating conditions of an engine.
Figures 9 and 10 compare the measured external noise with and without the silencer under different operating conditions. The microphone is located 10 cm from the silencer or pipe in these measurements. As Fig. 9 illustrates, the proposed HR is effective over a frequency range of 1500-3500 Hz and the noise reduction (or, insertion loss) due to the resonator is about 10 dB(A). The data in Fig. 10 is acquired during a ramp-up of the turbocharger from 0-180,000 rpm. Comparison of Figs. 6 and 9 shows an encouraging correlation between the transmission loss and radiated noise reduction, while a shift may be observed in the resonance frequency along with a reduction in attenuation possibly due to temperature differences and the mean flow. 
CONCLUDING REMARKS
Based on computational predictions, a silencer has been designed to suppress the turbocharger whoosh noise. It consists of three Helmholtz resonators where the resonance frequency of each HR is tuned differently to create a relatively broadband and strong transmission loss in the frequency range of interest. The predicted transmission loss is compared to the measurements on an impedance tube setup. The flow noise inside the duct has also been measured for two flow speeds. Finally, the silencer is attached to the induction system downstream of a turbocharger in order to measure the radiated (external) noise outside the duct.
The predictions reveal the overall trend in the experiments well; however, the resonance frequencies are slightly shifted relative to the measurements due presumably to the level of accuracy involved in the measurement of slot impedance coupled with their curve fits. Further studies for accurate measurement of such impedance would be helpful for a variety of slot configurations in order to refine the predictive capability. Experimental results show that the leakage at baffles can also significantly change the acoustic behavior of the silencer. Furthermore, flow noise can be generated by the grazing flow depending on flow parameters and the slot shape. Finally, the experimental results with the full induction system also exhibit a satisfactory correlation between the transmission loss and radiated noise reduction, despite the differences in environment and flow conditions. Thus, the design of silencers for turbocharger noise based on the transmission loss predictions has proven to be effective.
